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 This study investigates the effect of activation atmosphere (N₂ and CO₂) on the 
physicochemical properties and adsorption performance of teak sawdust-
derived activated carbon for methylene blue removal. Carbonization was 
conducted at 750 °C followed by physical activation at 700 °C with a gas flow 
rate of 200 mL min⁻¹. Characterization results showed that N₂ activation 
produced a higher specific surface area and micropore volume compared to CO₂ 
activation, indicating more dominant microporous development. The N₂-
activated sample exhibited superior adsorption uptake toward methylene blue 
under the tested condition (5 ppm), reaching 13.30 mg g⁻¹, while the CO₂-
activated carbon showed lower uptake. The findings suggest that activation 
atmosphere strongly influences pore evolution and adsorption behavior. 
However, adsorption performance was evaluated at a single concentration; 
therefore, further isotherm and kinetic studies are required to determine the true 
maximum adsorption capacity and adsorption mechanism. 
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Introduction 
Industrial wastewater from textile processes represents a major environmental challenge due to the presence of 
persistent synthetic dyes that resist natural degradation. Methylene blue is frequently used as a model 
contaminant because of its stability and toxicity, making it suitable for evaluating treatment technologies. 
Among various treatment methods, adsorption using activated carbon remains one of the most effective 
approaches due to its high efficiency, operational simplicity, and adaptability. 

Biomass-derived activated carbon has gained increasing attention as a sustainable alternative to conventional 
commercial carbon. Lignocellulosic wastes such as agricultural residues are attractive precursors because they 
are abundant, low-cost, and rich in carbon content. Teak sawdust, a by-product of the wood industry, is 
particularly promising due to its high fixed carbon fraction and structural rigidity, which can support well-
developed pore networks after thermal treatment. 
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The pore structure of activated carbon is strongly influenced by activation conditions, especially the 
activating atmosphere. Physical activation using CO₂ involves a mild gasification reaction (C + CO₂ → 2CO) 
that gradually etches the carbon matrix, potentially widening existing pores. In contrast, N₂ acts as an inert 
atmosphere that primarily prevents oxidation and facilitates the removal of volatiles, which may favor micropore 
preservation. Despite these differences, comparative studies examining how these atmospheres influence pore 
evolution in teak sawdust-derived carbon remain limited. Therefore, this study aims to compare N₂ and CO₂ 
activation in terms of pore development, surface chemistry, and adsorption performance toward methylene blue. 
By clarifying the relationship between activation mechanism and adsorption behavior, this work contributes to 
the optimization of biomass-based activated carbon for wastewater treatment applications. 

The textile industry is a vital sector of the economy, but its activities can have a negative impact on the 
environment. One such impact is water pollution due to the use of synthetic dyes such as methyl blue (Kuang 
et al., 2020). Methylene blue is frequently used in fabric dyeing due to its stability and bright color. However, 
10-15% of the used dye is no longer usable and must be disposed of (Andri et al., 2019). The dye content in 
textile industry wastewater is around 20-30 mg/L, making it very difficult to decompose naturally Takanori et 
al., (1994) and causing serious environmental problems, including reduced water quality and adverse impacts 
on aquatic organisms (Dwiasi et al., 2018; Nabiilah et al., 2022; Tan et al., 2008).To reduce the methylene blue 
content in wastewater, one effective and economical method is adsorption, with activated carbon as an 
adsorbent (Ofgea et al., 2022; Putra Negara et al., 2023; Shipwiisho et al., 2023; Suriadi et al., 2024). 

Activated carbon has a porous structure and high surface area, enabling it to efficiently adsorb organic 
compounds such as methyl blue. Activated carbon sources can be obtained from biomass (Arpan & Upendra, 
2023; Bery et al., 2022; Choe et al., 2019; Putra Negara et al., 2023), such as bamboo , oil palm trunks Lin et 
al., (2020), palm kernel shells Rashidi & Yusup, (2017), brewed coffee waste (Mukherjee et al., 2022; Putra 
Negara et al., 2023, 2024), and teak dust waste, which are abundant and have not been optimally utilized 
(Nguyen et al., 2019; Putra Negara et al., 2024). 

In the production of activated carbon from biomass, the precursor undergoes three stages: dehydration, 
carbonization, and activation. Dehydration aims to remove water and volatile compounds from the raw 
material, making it drier and more stable in subsequent processes. Carbonization involves the thermal 
decomposition of the raw material under an inert atmosphere, leading to the formation of char Karume et al., 
(2023) at temperatures of 300 to 800°C (Pallares et al., 2018) or 500 to 700°C (Li et al., 2008). The activation 
process is crucial for producing activated carbon with a well-developed pore structure, a high surface area, and 
optimal adsorption capacity (Allwar, 2012). This process can be achieved through physical or chemical 
activation methods. Physical activation involves treating carbonized materials with gases such as carbon dioxide 
(CO₂) or steam at high temperatures, typically 700-1,100°C (Bagheri & Shirpay, 2023). Chemical activation uses 
chemicals such as potassium hydroxide (KOH) or phosphoric acid (H₃PO₄) to activate the carbon at relatively 
lower temperatures, typically between 400 and 600°C (Allwar, 2012). 

Activators, whether physical or chemical, determine the final characteristics of the resulting activated carbon. 
Activators affect pore size, pore distribution, and surface properties of the activated carbon, as well as its 
adsorption capacity. In this study, teak sawdust was converted into activated carbon using nitrogen and carbon 
dioxide as activating agents, and the resulting activated carbon was used for the adsorption of methyl blue. The 
specific objectives of this study were to determine the characteristics of activated carbon from teak sawdust 
activated with N₂ and CO₂, and how the adsorption capacities of teak sawdust activated with N₂ and CO₂ 
compare to methyl blue. 

Method 
Production of activated carbon 
A total of 400 g of teak sawdust was dried in an electric furnace at 105 °C for 2 h to remove moisture. After 
drying, the sample was cooled to room temperature prior to carbonization. Carbonization was carried out in a 
tubular furnace under a continuous N₂ atmosphere to prevent oxidation. The furnace temperature was increased 
to 750 °C at a heating rate of 10 °C min⁻¹ and maintained for 50 min. The carbonized product was then allowed 
to cool to room temperature inside the furnace and subsequently sieved to 60 mesh. 

For activation, 40 g of the carbonized material was heated to 700 °C at a heating rate of 10 °C min⁻¹ under 
a gas flow rate of 200 mL min⁻¹. Activation was conducted separately using N₂ and CO₂ gases with a purity of 
≥ 99.9%. The temperature was maintained for 50 min before the sample was cooled to room temperature and 
stored in an airtight container. The selected carbonization (750 °C) and activation temperatures (700 °C) were 
chosen based on previous studies reporting effective pore development within this temperature range for 
lignocellulosic biomass precursors. 
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Characterization of activated carbon 
The physicochemical properties of the samples were characterized using several analytical techniques. Surface 
morphology and pore structure were examined using Scanning Electron Microscopy (SEM). Proximate 
composition, including moisture, ash, volatile matter, and fixed carbon, was determined using 
Thermogravimetric Analysis (TGA) in accordance with ASTM D7582. Surface functional groups were 
identified using Fourier Transform Infrared (FTIR) spectroscopy. Textural properties, including specific surface 
area, pore volume, pore diameter, and pore size distribution, were determined from nitrogen adsorption–
desorption isotherms using BET analysis. Crystallinity and structural ordering were evaluated using X-Ray 
Diffraction (XRD). 

Methylene blue adsorption test 
Adsorption experiments were conducted using a 5 ppm methylene blue solution. A total of 0.1 g of activated 
carbon was added to 20 mL of solution and stirred for 20 min, followed by equilibration for 2 h. The mixture 
was filtered, and the residual dye concentration was measured at 664 nm using a UV–Vis spectrophotometer. 
The adsorption value obtained in this study represents adsorption uptake at the tested condition. Since the 
experiment was performed at a single initial concentration, the reported value does not represent the maximum 
adsorption capacity (Qmax). Determination of Qmax would require adsorption isotherm experiments at 
multiple concentrations. The amount of adsorption was calculated using equation (1) (Choi & Yu, 2019):  

(1) 

where Co (mg/L) is the initial concentration of the solution, Ct (mg/L) is the concentration of the solution at 
time t, V (L) is the volume of the solution, and m (g) is the mass of activated carbon. The percentage of methyl 
blue absorption was calculated using equation (2) (Choi & Yu, 2019): 

 

Results and Discussions 
Proximate analysis 
In the proximate composition data, all samples showed almost the same moisture content (≈8– 10%). The 
carbonization result (CHAR) had the highest volatile matter (11.58%) and the lowest fixed carbon (69.7%). After 
the activation process at 700 °C with both CO₂ and N₂, there was a reduction in volatile matter and an increase 
in fixed carbon: TS-CO₂ showed 9.00% volatile and the highest fixed carbon of 75.74%, while TS-N₂ had 10.46% 
volatile and 74.08% fixed carbon. Ash decreased most significantly in TS-N₂ (5.41%) compared to CHAR 
(9.92%), while TS-CO₂ had medium ash (6.96%). Overall, activation increases the remaining carbon fraction 
(activated carbon quality) and reduces the ash fraction and unwanted volatile substances. The TGA composition 
of the activated carbon produced meets the Indonesian National Standard (SNI 06-3730-1995) for powdered 
activated carbon. This standard states that powdered activated carbon must not have a volatile substance content 
above 25%, a moisture content above 15%, or an ash content above 10%, while maintaining a minimum carbon 
content of 65%. 

Table 1. Proximate composition as a TGA result 

Sampel 
Proximate Composition 

Moisture (%) Volatile (%) Ash (%) Fix Carbon (%) 
CHAR 8,8 11,58 9,92 69,7 
TS-CO2 8,3 9 6,96 75,74 
TS-N2 10,05 10,46 5,41 74,08 

FTIR analysis 
From the FTIR spectra, all samples showed characteristic bands of biomass/carbon. The broad band around 
3200–3600 cm⁻¹ indicates O–H groups (bound water or alcohol/phenol), the band near 2900 cm⁻¹ indicates C–
H stretching (alkyl residue), the band at ~1700 cm⁻¹ indicates C=O groups (carbonyl/ester/ketone), and the 
band in the range of 1600–1500 cm⁻¹ is generally related to aromatic skeletal stretching (C=C). In the region of 
1200–1000 cm⁻¹, there are contributions of C–O (ester, ether) and other oxygen groups. Changes after activation 
showed that the intensity of the O–H and C=O bands tended to decrease in the activated samples (especially in 
TS-N₂), indicating deoxygenation and increased carbonicity/aromaticity; TS-CO₂ appears to retain some 
oxygen groups (the C–O band is relatively clearer), suggesting its surface likely has more bound oxygen 
functionalities useful for adsorption of polar substances. The sharp peak at ~1400–1500 cm⁻¹ likely originates 

https://jurnal.iicet.org/index.php/sajts/index
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from aromatic vibrations or instrument artifacts. The relative shifts and intensity changes between samples 
indicate surface chemical modifications due to activation. 

 

Figure 1. FTIR spectra of sample 

Activation at 700°C improved the quality of activated carbon from teak sawdust compared to raw char, as 
indicated by higher fixed carbon and lower volatile/ash content. TS-CO₂ produced slightly higher fixed carbon 
and retained some surface oxygen groups (useful for polar adsorption), while TS-N₂ produced the lowest ash 
and the highest degree of deoxygenation (a more aromatic/less polar surface). Therefore, the choice between 
CO₂ and N₂ activation should be based on the final application. CO₂ is for the adsorption of polar/ionic 
compounds (more functional groups), while N₂ is for applications requiring carbon with low ash purity and 
chemical stability. 

Adsorption isotherm 
The graph in Figure 2 shows nitrogen adsorption isotherms (BET analysis), indicating the ability of the samples 
(Char, TS-CO₂, TS-N₂) to adsorb nitrogen gas at various relative pressures (P/Po). The graph clearly shows that 
the activated samples (TS-N₂ and TS-CO₂) have a much higher nitrogen adsorption capacity than the raw char. 
This indicates the formation of new pores after the activation process, which increases the specific surface area. 
TS-N₂ exhibits the highest curve (up to >35 cc/g), followed by TS-CO₂ (~25 cc/g), while char only reaches 
around 12 cc/g.The continuously increasing curve pattern without a plateau until the P/Po approaches 1 
indicates that this material is predominantly mesoporous (2–50 nm). Activation with N₂ at 700°C produces a 
more developed porous structure than activation with CO₂. This is consistent with previous proximate data, 
where TS-N₂ had a lower ash content, resulting in more open pores. Meanwhile, activation with CO₂ still 
resulted in a significant increase in surface area, but not as high as for TS-N₂, likely due to the pores being 
partially covered by the remaining oxygen groups. Overall, these isotherm results confirm that the activation 
process can increase the specific surface area and adsorption capacity. TS-N₂ was the sample with the highest 
adsorption capacity. TS-N₂ exhibited the highest adsorption performance, which can be attributed to its higher 
surface area and micropore dominance. However, further studies using different adsorbates and phases are 
required to evaluate its suitability for specific adsorption applications. 

 

Figure 2. Adsorption isotherm 
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Pore size distribution 
The graph in Figure 3 shows the pore size distribution (PSD) based on nitrogen adsorption. This graph shows 
how activated carbon has different pore characteristics than raw char. The char (black) shows a shallow and 
shallow pore distribution, dominated by macropores with a very limited number of micropores. This explains 
the low nitrogen adsorption capacity in the previous isotherm analysis. 

 

Figure 3. Pore size distribution 

The difference in pore characteristics between N₂- and CO₂-activated carbons can be explained by their 
distinct activation mechanisms. CO₂ activation involves a gasification reaction with carbon atoms, which 
progressively removes carbon from pore walls. This process can generate new micropores but also enlarge 
existing ones into mesopores, resulting in a broader pore size distribution. 

In contrast, N₂ is an inert gas that does not react with carbon at the activation temperature. Its primary role 
is to create an oxygen-free environment and facilitate the removal of volatile compounds generated during 
thermal decomposition. This condition helps preserve the carbon framework and promotes the formation of a 
more dominant microporous structure, which explains the higher surface area and micropore volume observed 
in the N₂-activated sample. 

The superior adsorption uptake of the N₂-activated carbon can therefore be attributed to the greater 
availability of micropores, which are particularly effective for adsorbing small dye molecules such as methylene 
blue through pore-filling mechanisms. This mechanistic interpretation is consistent with the pore size 
distribution results shown in Figure 3. 

After activation with both CO₂ (blue) and N₂ (red), new pores form, dominated by the micropore range (2–
4 nm). The distribution peak for TS-N₂ is sharper and higher than that for TS-CO₂, indicating that activation 
with N₂ results in a greater number of micropores. These micropores play a significant role in increasing the 
specific surface area and gas adsorption capacity. Furthermore, both TS-N₂ and TS-CO₂ also show contributions 
from mesopores (10–30 nm), although their intensities are lower than those of micropores. 

The presence of mesopores is essential for the diffusion of larger molecules, thus facilitating access into the 
microporous structure. Combining these isotherm results and pore size distributions, it is clear that activation 
with N₂ at 700°C produces activated carbon with the best microporous structure for gas or vapor adsorption 
applications, while activation with CO₂ produces a mixed pore structure (micro + meso) that is more suitable 
for the adsorption of polar or medium-sized molecules. 

Surface morphology 
Figure 4(a) shows the char surface, which still appears relatively dense and less porous. Cracks and layers 
indicate carbonization, but no significant voids have formed. The EDX spectrum shows the dominant presence 
of C, but also strong peaks from impurities such as O, Si, Ca, K, and Mg. This indicates that the char still 
contains significant amounts of minerals (ash) that have not yet been removed. 

The TS-CO₂ in Figure 4b shows that after CO₂ activation, the surface becomes more open and pores begin 
to form, although they are not yet uniform. The texture appears rougher than the char texture, indicating etching 
due to partial CO₂ gasification. The carbon content remains high, but the O signal is more pronounced than that 
of TS-N₂. This is consistent with previous FTIR analysis, which found that CO₂ activation tends to retain oxygen 

https://jurnal.iicet.org/index.php/sajts/index
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functional groups on the surface. Ash elements (Ca, K, Si) are still present but are slightly less intense than those 
of the char. Surface morphology of the sample is shown in Figure 4. 

 

Figure 4. Surface morphology (a) Char, (b) TS-CO2, (c) TS-N2 

The TS-N₂ sample in Figure 4c shows that the N₂-activated surface has a more porous structure, with a better 
distribution of small cavities (micropores). This is in line with the results of BET and PSD analysis, which 
showed the highest nitrogen adsorption capacity. The EDX spectrum shows a dominance of carbon with a lower 
oxygen peak than TS-CO₂, indicating a more deoxygenated surface. Ash/mineral elements (Ca, K, Si) are less 
than char and TS-CO₂, indicating more effective surface cleaning. 

Pore structure 
The carbonized carbon (char) has a very low specific surface area (SSR) of 8.4 m²/g. This value indicates that 
pore development has hardly occurred in the sample. The pore volume (Vp) is also small, at only 0.010 cc/g, 
consistent with SEM results and nitrogen adsorption isotherms. The average pore diameter (Dp) of 2.90 nm is 
indeed within the mesoporous range, but due to the very limited number of pores formed, their contribution to 
adsorption capacity is also low. After activation with CO₂ gas, the pore characteristics improved significantly. 
The specific surface area increased almost fourfold to 30.79 m²/g, indicating that partial gasification with CO₂ 
opened the pore structure and expanded the carbon surface area. 

The pore volume also increased to 0.0364 cc/g, although not as large as in N₂ activation. Meanwhile, the 
average pore diameter decreased to 2.36 nm, indicating that the majority of the pores formed were micropores 
with a small addition of mesopores. The activated carbon activated with N₂ gas exhibited the best pore 
characteristics among the three samples. The specific surface area reached 51.2 m²/g, about six times that of 
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char, indicating excellent pore structure development. The pore volume was also the highest, at 0.0514 cc/g, 
indicating this sample could accommodate a larger number of adsorbate molecules. The average pore diameter 
of 2.08 nm, the smallest among all samples, indicated the dominance of micropores in the activated carbon's 
pore structure. 

Table 2. Pore structure 

Sample 
Surface Structure 

SBET (m2/g) Vp (cc/g) Dp (nm) 
CHAR 8.400 0.010 2.900 
TS-CO2 30.79 0.0364 2.36 
TS-N2 51.2 0.0514 2.08 

Methylene blue adsorption performance 
Adsorption of methylene blue by activated carbon is shown in Table 3 and Figure 5. Char-derived carbon (char) 
has a very low methylene blue adsorption capacity of only 4.11 mg/g. This value is consistent with its small 
specific surface area (8.4 m²/g) and underdeveloped pores, making it ineffective as a dye adsorbent. After 
activation with CO₂, the adsorption capacity increased significantly to 11.59 mg/g, nearly three times that of 
char. This increase is consistent with the increased surface area (30.79 m²/g) and larger pore volume. 
Furthermore, the presence of oxygen groups on the surface of the CO₂-activated carbon contributes significantly 
through electrostatic interactions with the cationic methylene blue molecules. 

Therefore, TS-CO₂-activated carbon has a balance between surface area and the presence of active functional 
groups, making it more suitable for the adsorption of polar dyes. N₂-activated carbon performed best, with a 
methylene blue adsorption capacity of 13.30 mg/g, the highest among all samples. This is consistent with the 
highest specific surface area (51.2 m²/g), the largest pore volume (0.0514 cc/g), and the dominance of 
micropores, which play a significant role in adsorption. Although TS-N₂ has fewer surface oxygen groups than 
TS-CO₂, its large micropores predominate, resulting in superior adsorption capacity. Therefore, TS-N₂ is more 
suitable for adsorption applications requiring maximum capacity. 

Overall, the results of the methylene blue adsorption test demonstrate that activation successfully improves 
the quality of activated carbon from teak sawdust waste. Char serves only as a starting material with low 
capacity, while TS-CO₂ provides significant improvements, particularly for the adsorption of polar compounds. 
While TS-N₂ excels due to its large surface area and pore count. These data are consistent with previous analyses 
(TGA, FTIR, BET, PSD, SEM-EDX), which demonstrated that activation significantly improves the pore 
structure and adsorption capacity of activated carbon. 

Table 3. Adsorption capacity of the sample on the methylene blue 

Sample 
Methylene Blue Adsorbed (mg/g) 

Run 1 Run 2 Run 3 Average Standard Deviation 
CHAR 4.06 4.15 4.12 4.11 0.05 
TS-CO2 11.38 11.80 11.59 11.59 0.21 
TS-N2 13.50 13.02 13.38 13.30 0.25 

 

Figure 5. Adsorption capacity 
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Conclusions 
This study demonstrates that activation atmosphere plays a crucial role in determining the physicochemical 
properties of teak sawdust-derived activated carbon. N₂ activation produced a higher specific surface area and 
micropore volume compared to CO₂ activation, resulting in greater methylene blue adsorption uptake under the 
tested condition. These findings highlight the importance of controlling activation conditions to tailor pore 
structure for targeted adsorption applications and support the potential of teak sawdust as a valuable biomass 
precursor for wastewater treatment materials. However, the adsorption performance was evaluated at a single 
initial concentration, and therefore the reported value represents adsorption uptake rather than maximum 
capacity. Future research should include full adsorption isotherm, kinetic, and thermodynamic analyses to better 
understand the adsorption mechanism and practical applicability of the material. 
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